The development of a less expensive yet outstanding electrocatalyst in terms of activity and stability for the oxygen evolution reaction (OER) working in a universal pH range still remains challenging. Most of the highly active expensive electrocatalyts work in a single pH. Therefore, the development of a low cost electrocatalyst, which fulfils the above-mentioned requirements, is highly needed. Here, we report the development of Co 3 S 4 hollow nanoparticles using a one-step hot injection method, and we modified them for superior electrocatalytic OER activity and stability in the entire pH range (alkaline, neutral, and acidic). Activated carbon supported Co 3 S 4 hollow nanoparticles exhibit remarkable OER activity (overpotential, η = 0.27 V in 1.0 M KOH; 0.33 V in 0.5 M H 2 SO 4 ; 0.37 V in 1.0 M phosphate buffer) and offer maximal cycling stability for more than 24−48 h (>10 000 cycles) with no loss in the magnitude of current density (10 mA/cm 2 ). High spin states of Co 2+ and Co 3+ and their large spin−orbit interactions (as indicated by XPS and EPR studies) related to oxygen surface exchange mechanism are proposed to account for the observed high electrocatalytic activity at all pH levels.
INTRODUCTION
The growing demands for eco-friendly renewable energy resources have opened up pathways toward the electrocatalytic water splitting reaction for the production of hydrogen. However, the prime hurdle in the way for the hydrogen production from water in a large scale is to overcome the high overpotential (η) of the counter oxygen evolution reaction. 1 The four-electron transfer process of water or hydroxide ion (OH − ) oxidation at the anode has slower kinetics than the two-electron transfer process of proton or water reduction at cathode, which severely suppresses the efficiency of energy conversion reaction. 2, 3 Hence, we need a robust electrocatalyst to enhance the rate of reaction at low overpotential. The theoretical thermodynamic potential (ΔE) of overall water splitting is 1.23 V in both alkaline and acidic electrolyte at standard temperature and pressure. We found that the hydrogen evolution reaction (HER) is more favorable in acidic conditions (E = 0 V), and the oxygen evolution reaction (OER) is more favorable in alkaline conditions (E = −0.40 V). 4 Normally and in commercial practice, an electrocatalyst exhibits excellent water oxidation activity in basic medium. However, in a few specific cases, appreciable pH-universal water splitting activities are offered by few selected electrocatalysts. 5−9 Because of the solubility of the reactants and pHdependent activities of the water splitting reaction, the half-cell processes have been performed at different pH. Although electrochemical reactions are performed at a particular pH, the interfacial pH (local) changes with respect to the applied potential, the nature of the surface, and the electrolytes. 10 Meanwhile, the OER follows proton coupled electron transfer, which is highly controlled by the pH of the electrolyte. 11 Consequently, now we need a robust electrocatalyst which is workable in universal pH to increase lifetime and to carry out the energy conversion OER processes at the same pH range. There have been few reports in recent years exploiting active electrocatalysts for broad pH performances, which are stable at different electrolyte systems. 7, 12, 13 Among transition metals, cobalt and its sulfides and oxides are well-known for water splitting reactions following the trend HER in acidic and OER in alkaline medium. Examples included are cobalt-based electrocatalysts, 14−18 cobalt oxide, 19, 20 metal chalcogenides, 21−25 gold-supported cobalt oxides, 26 carbon-or GOsupported cobalt sulfide 27, 28 cobalt selenides, 29 hydroxides, 30 phosphides, 31 Co-doped metal oxide, 32 and so on.
Hollow nanostructures are a topic of wide interest because of their exciting morphological functions. 4, 12, 33, 34 However, exploration of this morphology as a maximum-performance electrocatalyst in the field of OER is highly confined. Hollow nanoparticles (NP) exhibit some distinctive properties like low density and massive surface area, and because of the cavity present within the particle, they provide greater number of reactive sites for different catalytic reactions. These structures are kinetically favorable for the void formation and allow the reaction medium to percolate easily from the catalyst surface; therefore, these can be used for electrode materials in energy conversion devices. 12, 34, 35 Following these perspectives, we have synthesized Co 3 S 4 thiospinel hollow nanoparticles through taking advantage of the Kirkendall effect in surfactant solution. 36, 37 Monodispersed Co 3 S 4 hollow nanoparticles were synthesized with an average diameter of 12−14 nm and a cavity diameter of ∼6 nm via hot injection procedure. Although there are very few reports over the electrocatalytic water oxidation reaction with hollow nanoparticles, however, their use is confined to a selected pH. As-prepared Co 3 S 4 hollow NPs supported on activated carbon (AC) delivered incredible performance for oxygen evolution under alkaline medium with low overpotential and stability over 48 h. Activated carbon has various applications and numerous advantages including that it can enhance the surface area of an electrocatalyst and its activity by promoting adsorption of reaction intermediates on the surface of the catalyst during the electrocatalytic water splitting reactions. 38, 39 Additionally, a proactivated catalyst (Co 3 S 4 /AC) also demonstrates excellent OER activity in acidic and neutral pH. Through the advantage of strong synergy between Co 3 S 4 hollow nanoparticles with AC, the electrocatalyst shows stability for long cycling time over a wide range of pH (0−14) without any loss of current density. In this study, we reported significant OER at a universal pH environment using a single hollow nanoparticle (metal−chalcogenide) electrocatalyst, and we studied the efficiency mechanism.
RESULTS AND DISCUSSION
2.1. Morphology, Structural, and Surface Studies. Figure 1a shows a schematic representation of the one-pot synthesis procedure to synthesize Co 3 S 4 hollow NPs. Initial injection of Co 2 (CO) 8 (step (i) to the solvent−surfactant mixture at 150°C to produce smaller Co NPs (Figure S1a,b). Size of the Co NPs was further increased by increasing the reaction temperature to 200°C ( Figure S2a ,b). In this process, surface growth takes place through irreversible incorporation of growth species onto solid surface of the initially formed Co NPs. A fast injection of S precursor (step (ii) to the Co NPs reaction mixture at 200°C leads to hollowing of Co NPs with defocused size distribution in terms of inner and outer diameter as well as few nonreacting Co NPs at the initial stage (15 min, Figure S3 ). This may be the step as described by Yin et al. as the formation of Co core and sulfide shell connected by filament-like bridges. 37 It is important to note that there is no formation of hollow particle if the S precursor is added at 150°C. Further annealing the reaction mixture at the same temperature (200°C) until 1 h (step (iii) leads to delivery of the remaining cobalt to the shell by a fast-transport path and focusing of the size distribution by diffusion of growth species to narrow inner and outer diameter of the final Co 3 S 4 hollow NPs as seen in Figure 1b . During the process, only thermodynamically stable Co 3 S 4 phase is seen instead of kinetically stable Co 9 S 8 phase as observed in many cases. 40 Histograms of both the narrow inner and outer diameter distribution of these as-synthesized particles are shown in Figure 1e , where the inner diameter is found to be near to the size of Co NPs obtained after 200°C reaction temperature.
Single crystalline nature and clear lattice fringes are observed under HRTEM imaging in Figure 1c . The Co 3 S 4 hollow NPs has a fcc cubic crystal structure, and the distinctive sets of lattice fringes which correspond to the reticular planes of Co 3 S 4 (d 311 Co 3 S 4 = 0.23 nm, d 400 Co 3 S 4 = 0.28 nm) were identified. The 2D fast Fourier transform (2D-FFT) calculated from panel c is shown in Figure 1d , where the presence of other planes, for instance, (111) and (220), could be clearly identified. Because of the nanoscopic nature and high surface area, the assynthesized hollow NPs agglomerated to form bigger balls (spheres) of irregular size, but interestingly, they again happen to be hollow in nature. A FESEM image of the same is shown in Figure 1f , and more images are given in Figure S4 . Perhaps this may be an additional advantage to the superior electrocatalytic activity of the present material. These types of hollow structures are kinetically more favorable for electrocatalysis reactions as these particles have high permeability for electrolyte ions that accelerate the rate of reaction. 12 Selected area elemental mapping over a large area showed the homogeneous distribution of Co and S on the surface of the particles (Figure 1g −j). Moreover, EDX spectroscopy analysis in Figure 1k revealed that ratio of Co and S is near to the expected stoichiometric ratio of 3:4. The powder XRD pattern of as-synthesized Co 3 S 4 hollow nanoparticles in Figure 1l corroborates the phase purity and crystal structure of the material as obtained from HRTEM and EDX analyses. All characteristic peaks of Co 3 S 4 hollow NPs are matched well with the standard diffraction pattern of bulk Co 3 S 4 (JCPDS no. 47-1738), revealing the cubic crystal structure.
Raman studies have been performed for structural conformation and displayed in Figure 2a . The characteristic peaks for A 1g mode at 665 cm −1 is related to the cubic phase of Co 3 S 4 . Other active modes, such as E 2g , F g are attributed to metal sulfur bonds which are found toward lower frequencies.
The as-synthesized sample shows all and only five Raman active peaks for a spinel system, confirming the high crystallinity and pure phase of Co 3 S 4 hollow NPs. 41 As mentioned, our as-synthesized material is supported on AC; further, the composite material (Co 3 S 4 /AC) is characterized with IR, BET, XPS, and EPR analyses. The FT-IR spectrum of only the AC sample shows all characteristic bending and stretching vibrations of activated carbon. 42 IR peaks of activated carbon remained in the same position in the composite sample, however with reduced intensities, confirming a good supported composite system ( Figure S5 ). Specific surface area and porosity of the system were measured with a detailed N 2 adsorption−desorption study at a temperature of 77 K. The behavior of the isotherm is found to be a combination of type II and type V, and the hysteresis is H3 type as shown in Figure 2b . The specific surface area of the Co 3 S 4 /AC sample is found to be 480.13 m 2 /g. This high surface area is mainly attributed to the hollow and porous nature of Co 3 S 4 NPs and the synergistic AC effect. The maximum pore volume distribution (0.12 cm 3 /g) calculated using the Barrett−Joyner−Halenda (BJH) method is observed at a 2.3 nm (intrinsic) pore radius. The specific surface area of Co 3 S 4 hollow NPs without AC support was also measured ( Figure S6 ) and is found to be 54.0 m 2 /g. Thus, we can see that AC synergistically increases the surface area of the catalyst. The higher surface area and porous structure additionally improved activity of the material for electrocatalysis by offering a greater number of reactive sites for adsorption of active O # species. 4, 43 The wide scan XPS survey spectrum in Figure 2c on Co 3 S 4 / AC composite shows the presence of C, O, Co, and S elements. The high-resolution Co 2p XPS spectrum shown in Figure 2d could be deconvoluated into six peaks (two spin− orbit doublets and two shakeup satellites), which are assigned to 2p 3/2 of Co 3+ and Co 2+ ions (779.0 and 781.5 eV), 2p 1/2 of Co 2+ and Co 3+ ions (794.0 and 797.5 eV), as well as the corresponding satellite peaks (785.9 and 803.3 eV), which indicated the presence of expected oxidation states of cobalt. 44, 45 The strong feature of 781.5 and 797.5 eV doublets indicates a strong Co−S/Co−O interaction. The high intensity peaks (including the broad satellite features) observed for Co ions emphasizes the availability of a larger amount of the same on the surface of Co 3 S 4 hollow particles and suggests a larger amount of octahedral/tetrahedral Co 3+ /Co 2+ on the surface as suggested by Liu et al. and our earlier observations. 23, 41, 46 The existence of S 2− can be further verified by the two evident S 2p 3/2 and S 2p 1/2 spin−orbit doublet peaks at 162.1 and 163.2 eV, respectively (Figure 2e ). The peak at 163.2 eV also could be assigned to −C−S−C−, and the next peak at 168.7 eV is generated because of C−SO x −C interactions, 34, 45 which support enhanced activity of hollow NPS toward water oxidation reactions. Thus, the XPS studies attributed to the ACS Applied Energy Materials www.acsaem.org Article formation of pure Co 3 S 4 phase along with its possible exploration as efficient electrocatalyst. Earlier pioneering works have revealed that spin states of the active atoms of a catalyst is a substantial factor which enhances the catalytic activity. High or increased spin moment weakens the active metal−O, that is, a significant enhancement of the oxygen surface exchange kinetics. 41, 47 On the other hand, for a system with large spin−orbit interaction, the g-factor could be high (higher than electron g e -factor). Thus, if the electronic configuration of the active metal ion (Co in the present case) is realized, then it will be easier to determine the activity of the catalyst. Notably, electron paramagnetic resonance (EPR) spectroscopy is the prominent analytical technique, which is useful for the determination of different kinds of magnetic interactions and 3d electron configurations (both e g and t 2g electrons) of transition metals. The EPR spectra of Co 3 S 4 hollow nanoparticles were recorded at 300 K (Figure 2f ). It showed the absence of a clear characteristic peak of uncoupled Co 2+ at 350 mT. The shift in the peak position toward lower field region provides evidence of ferromagnetic coupling of Co 2+ and Co 3+ ionic species. Furthermore, from the EPR spectrum, we have determined the value of g = 2.0456 (where frequency = 9448.2 MHz, magnetic field of resonance = 330 mT). 48 This further clearly indicates the presence of high spin Co 2+ (three unpaired electrons) and Co 3+ (four unpaired electrons) with S = 3/2. However, the oxygen surface exchange kinetics will be more pronounced in the case of Co 3+ where there will be a Jahn−Teller distortion effect to remove the degeneracy and consequently reactant species (H 2 O) approaching from the axial positions. As a consequence, we can expect a high rate of water splitting and oxygen evolution reaction at the surface of this Co 3 S 4 electrocatalyst.
2.2. Electrocatalysis. Transition metals−chalcogenides based hollow particles are promising electrocatalysts for water splitting reaction but their low electronic conductivity limits their exploration as benchmark catalysts. In our work, we found that if this catalyst is designed over a conductive support (such as activated carbon), they can offer desired activity by facilitating more electrons for electrochemical reaction. The optimum concentration of the catalyst used for maximum output was found to be 0.57 mg/cm 2 , which is same for all electrochemical measurements. At first, linear sweep voltammetry (LSV) measurements were carried out to investigate the electrochemical oxygen evolution. Figure 3a shows the comparative LSV curve for Co 3 S 4 /AC, bare Co 3 S 4 , IrO 2 , activated carbon, and bare glassy carbon electrode, while all water oxidation studies have been done in a 1.0 M KOH solution within a voltage window of 0 to 0.8 V vs Hg/HgO reference electrode at a scan rate of 10 mV/s. From linear sweep curves, it is observed that Co 3 S 4 hollow particles supported over 20% AC (Co 3 S 4 /AC) implies much less overpotential (0.27 V) in contrast to commercial IrO 2 (0.31 V) and other electrodes as noted to attain a current density of 10 mA/cm 2 for OER, which is the best performance among the transition metal−chalcogenide based OER electrocatalysts ( Figure 3h and Table S1 ). Bare Co 3 S 4 NPs require an overpotential of 0.34 V, Co 3 S 4 /AC 10% requires 0.29 V, and Co 3 S 4 /AC 30% requires 0.29 V (data not shown) to reach the same current density. For better understanding of present excellent OER activities, Tafel kinetics (one of the crucial factors) of each catalyst has been studied ( Figure 3b ). As the kinetics of multielectron transfer process requires very high overpotential, the elementary reaction step with the least rate of reaction is considered as the rate-determining step. 55 In this study, Tafel slopes for Co 3 S 4 /AC 20%, Co 3 S 4 , and IrO 2 systems are found to be 93, 187, and 85 mV/decade, respectively. The Tafel slope for Co 3 S 4 sample with 10% AC support is calculated to be as high as 115 mV/decade, which is higher than that of Co 3 S 4 /AC (20%) toward water oxidation. Therefore, we have selected only Co 3 S 4 /AC (20%) sample for further studies. The electrochemical impedance spectroscopy (EIS) measurements were carried out, and the corresponding Nyquist plots are shown in Figure 3c . In the case of the Co 3 S 4 / AC sample, there was a steep increment in the impedance pattern as compared with bare Co 3 S 4 . A clear semicircular feature is absent in the Nyquist plots of Co 3 S 4 /AC; hence, we draw a circle in the lower-frequency region for the EIS curve to get bulk (R b ) and charge transfer resistance (R ct ). Overall resistance in case of Co 3 S 4 /AC sample is found to be 6.57 Ω, while for bare Co 3 S 4 , it is found be 22 Ω (highly resistive). Notably, the electrocatalyst displayed no change in oxygen evolution potential for continuous 10 000 measured LSV cycles at a 10 mV/s scan rate (Figure 3d ) or continuous 5000 measured CV cycles at the same scan rate ( Figure S7 ). Thus, there is no saturation of active sites, which is caused by adsorption of intermediate species generated during oxygen evolution reaction. Additionally to check the long-term stability of the electrocatalyst, chronoamperometric studies have been performed, and the result is shown in Figure 3e . This revealed that, in addition to 10 000 LSV cycling stability, Co 3 S 4 /AC electrocatalyst is stable for a minimum 48 h of OER activity without any noticeable decay in the activity in terms of overpotential. In addition, to check the mass transport properties of hollow Co 3 S 4 /AC NPs, multistep chronopotentiometric analysis has been performed by varying the value of current densities from 10 to 120 mA/cm 2 ( Figure S8 ). Since current density works as a function of voltage, with the increment in the magnitude of j, therefore, overpotential also increases; however, because of the strong mechanical strength of the electrocatalyst, there is a rapid stabilization which is designated to high mass transport ability and mechanical stiffness of the present sample.
For an enhanced comprehension of the mass activity, various mass loadings have been investigated, and it was seen that the best activity can be accomplished by utilizing 0.57 mg/cm 2 of catalyst ( Figure 3f ). Mass activity decreases with an increase in mass loading, indicating an increase in bulk resistance that prohibits electrical conduction of electrolyte ions to the GC electrode. After reaching an optimal mass value, the resistance between the deposited layers of samples became more influential that leads to lowering the efficiency of the catalytic performance. 23 Furthermore, to enlighten the oxygen evolution performance of aforementioned Co 3 S 4 /AC composite, we have calculated mass activity (see SI for calculation). The obtained high mass activity (17.54 A/g) revealed that catalyst afford significant current output with lower mass loading. At the same time, the specific current density of Co 3 S 4 /AC composite is found be 0.075 mA/cm 2 (see SI for calculation). Basically, it is the electric current generated through per unit area. The higher value of the specific current density found in the present electrocatalyst proved the higher reactivity of hollow nanoparticles. The turnover frequencies (TOF) of the Co 3 S 4 /AC system is depicted in Figure 3g at various overpotentials based on the BET surface area. TOF value 0.07 s −1 at η = 0.27 V suggested a higher activity of the catalyst toward water oxidation in alkaline medium (see SI for calculations). The calculations also reflect that a higher TOF value can be achieved at higher applied potential. Finally, we have compared our obtained OER η (0.27 V) value in 1.0 M KOH in Figure  3h with some of the best reports in the literature related to Co−S, Co−P, and Co−Se based nanostructures. These comparisons revealed that, our Co 3 S 4 hollow nanoparticles electrocatalyst is superior among those previously reported catalysts in terms of overpotential and stability (minimum 48 h in the present case).
The number of electrocatalysts used for expansion of OER activity in alkaline media is enormous, but their applications are limited in the case of neutral and acidic conditions. It is found that incorporation of heteroatoms, such as N, S, and P, enhances the number of reactive sites and conductivity for these electrocatalysis. 56 For example, cobalt−sulfur bonding intensely reinforces the O ads intermediate adsorption that enriches oxygen evolution activity even at lower pH values. 13, 41 These reports further stated that a proactivation of a catalyst in alkaline electrolyte and carbon support could enhance conductivity and stability of the catalyst. OER in acidic and neutral medium takes place through metal oxide pathway, which include formation of M−OH similarly as in alkaline medium as discussed earlier. 4, 57 While electrode are proactivated under alkaline environment, a sufficient number of reactive sites are generated on the catalyst surface, which are bound to −OH that helps to trigger the OER activity in low pH as well as neutral medium too.
Following these assumptions, we have proactivated our electrocatalyst in alkaline electrolyte, and further water electrocatalysis results performed at different pH are shown in Figure 4 . Improvement in the activity can be observed through LSV curves for OER in acidic environment as shown in Figure 4a . An overpotential of 0.33 V is required for Co 3 S 4 / AC to achieve a current density of 10 mA/cm 2 in 0.5 M H 2 SO 4 electrolyte solution at 5 mV/s scan rate after activation, while without activation the required η is 0.42 V (Figure S9a,b) . Moreover, it was found that the durability of hollow particles for OER reaction in acidic solution remains almost constant (only 20 mV larger) up to a measured 5000 cycles. For the evaluation of OER activity in neutral solution, electrochemical studies have been performed in 1.0 M phosphate buffer (pH = 7). Figure 4b shows polarization curves acquired in a similar way on a standard three-electrode setup, and significant enhancement was observed by the activation of catalyst in alkaline solution against before activation ( Figure S9c,d) . 58 For ACS Applied Energy Materials www.acsaem.org Article further comparison, pristine polarization curves without iRcorrection for the catalyst at all three different pH have been measured and shown in Figure S10 . Catalyst have attained a current density of 10 mA/cm 2 by applying an overpotential of 0.36 V, and a slight increase in overpotential (10 mV) is recorded when a cycling study was performed for 5000 cycles as seen in Figure 4b . This is one of the best results in neutral pH ever reported (Table S1 ). Tafel slopes for Co 3 S 4 /AC in acidic solution before and after activation were found to be 103 and 81 mV/decade, respectively (Figure 4c ). Tafel plots of Co 3 S 4 /AC after activation (105 mV/decade) in comparison to before activation (170 mV/decade) in neutral solution too are shown in Figure 4c . A significantly lower Tafel slope of Co 3 S 4 / AC in both cases (proactivated sample) apparently is attractive for an electrolyzer application as it minimizes power consumption. Present Co 3 S 4 /AC offers better activity and stability than most of the reported electrocatalyts in acidic and neutral medium (Table S1 ). Electrocatalyst stability is a great hurdle while using the catalyst in acidic medium. Notably, our electrocatalyst displayed no change in oxygen evolution current for a minimum 18 h OER activity at η = 0.33 V in acidic solution (Figure 4d ). Co 3 S 4 /AC catalyst manifest significant activity in contrast to the other previous reports on OER via transition metal sulfides in neutral pH too (Table S1 ). Similar to alkaline and acidic media, OER activity in neutral pH remains constant over 12 h of chronoamperometric study (Figure 4d ). Thus, our present material shows not only universal pH-responsive OER activity but also stability in all three pH levels up to many hours as demonstrated above. In the case of Nyquist plots for before and after activation of the electrocatalyst in acidic (0.5 M H 2 SO 4 ) and neutral electrolyte (PBS), intersection of the EIS plot shows similar features in the lower-frequency region but a steep increase in the activated electrocatalyst under high frequency region at the real axis, indicating higher conductivity in this region ( Figure S11a,b) . In 0.5 M H 2 SO 4 , the overall resistance (R b + R ct ) was calculated to be 88.7 Ω, while in phosphate buffer electrolyte, a high overall resistance (730.8 Ω) was obtained because of the slow movement of electrolyte ions and sluggish kinetics. The observed lower overpotential (0.27 V) and new catalytic insights for a four-electron transfer OER process and extremely long-term activity in alkaline solution can be explained on the basis of the present hollow Co 3 S 4 material's physical and chemical properties and the data obtained from XPS and EPR studies. The higher rate of observed OER was attributed to the bond breaking of Co−OH 2 / Co−OH and other reactive species that were considered to be present at the catalyst/water interface because of possession of the Co 2+ /Co 3+ high spin (HS) state as corroborated from EPR and XPS analyses. 23, 41 The discharging of Co−OH species promotes the removal of protons and results in the formation of CoO as the first intermediate of the oxygen evolution reaction. This CoO intermediate forms a cobalt-hydroperoxide intermediate (Co− OOH), which subsequently release oxygen in the next step, Therefore, the increases in cobalt HS states favored the OER processes. 59 In alkaline electrolyte solution, oxygen evolution involves adsorption of hydroxide ions at the metal highly reactive sites (revealed by XPS, EPR analysis in Figure 2d−f) , leading to the formation of M−OH species (evidenced by postcatalytic XPS studies in later section). These metal hydroxides produce oxygen via formation of M-OOH/M-O intermediates. In the metal−chalcogenides, there is repulsion between the p orbital of chalcogen (S, P, and Se) and 2p orbital of oxygen that causes formation of − OOH species during the water oxidation process. 21 Thus, in the present case, the OER process occurs by the formation of M-OOH which subsequently generates M-O 2 and then oxygen. 4 The higher oxygen evolution rate on M x−1 S x (M = Co) is due to the formation of in situ oxide-hydroxide layer over cobalt during the electrocatalytic process, which is also responsible for the proactivation of catalyst in alkaline solution toward electrocatalytic water splitting in acidic and neutral solution. 57 This formation of the oxide-hydroxide layer on the used catalysts is proved by XPS analyses in a later section (postcatalytic study section). Universal pH enhanced OER activities of the Co 3 S 4 / AC are additionally elucidated via calculating electrochemically active surface area (ECSA) of the catalyst and understanding the liquid side of the interface, including the double layer. It is the intrinsic activity of candidate electrode materials rather than overall BET surface area. ECSA gives the knowledge about the actual electrochemical active sites (results from the chemical reaction between the electrode and electrolyte), which are responsible for the electrocatalytic reaction. This differs from BET surface area, where the later one gives the whole nitrogen adsorption surface area of the catalyst where the entire available surface may not be electrochemically active. Higher magnitude of ECSA for hollow NPs revealed that the higher number of active sites present on the catalyst surface which are responsible for higher charging current in non-Faradaic region. Double layer (C dl ) charging of catalyst was measured by conducting CV runs within 0.1 V potential window under non-Faradaic region (Figure 5a ). The current vs scan rate plot to calculate C dl is shown in Figure 5b . The ECSA value is found to be as high as 58.75 cm 2 for the Co 3 S 4 /AC sample (see SI for calculation). To determine the precision in the ECSA value, we have calculated roughness factor (RF) of the electrocatalyst, which was found to be 132.7 and 832.15 for Co 3 S 4 and Co 3 S 4 /AC, respectively, whereas the ECSA of Co 3 S 4 NPs without activated carbon is found to be only 9.375 cm 2 ( Figure S12 ). The roughness factor is the ratio between ECSA and geometrical area, which is proportional to the specific activity of an elecrocatalyst. Now based on the obtained ECSA value, we have calculated the TOF of the electrocatalyst, and it is found to be as high as 2.26 s −1 (see SI for calculation). The TOF value calculated using ECSA is found to be much higher than the TOF value obtained using the BET area. The BET area measures physiosorption of N 2 through the van der Waals forces, while ECSA measurements measure electrochemically active area results from the chemical reaction between the electrode and electrolyte. Therefore, we After electrocatalytic OER studies in alkaline medium for 10 000 cycles, the catalyst was removed from the electrode surface and then collected for further characterization to know the stability, morphology, surface composition, and reaction mechanism. Regained catalyst was analyzed using XPS, TEM, and IR studies. There is no change in the peak position in core level XPS of Co 2p and S 2p orbitals, which revealed that the catalyst retains its phase purity and surface properties after electrochemical cycling (Figure 6a−c) . However, a reduction in peak intensities is observed for peaks related to Co 2+ (781.6 and 797.8 eV) when compared with the high-resolution Co 2p XPS spectrum of fresh sample in Figure 2e . This may also be coined as an increased peak intensity of Co 3+ at 779.2 and 794.3 eV in the spent catalyst as compared with a fresh one. Moreover, a very weak peak at 780.7 eV (dark green fitted curve) is newly observed in the spent catalyst (Figure 6c ), which may be due to the presence of either Co(OH) 2 or CoOOH species on the surface of the Co 3 S 4 formed during the OER measurements. 57, 60 Thus, few Co 2+ ions on the surface oxidized to Co 3+ and probably converted to cobalt-oxide-hydroxide species. This observation reflects that there is a formation of ACS Applied Energy Materials www.acsaem.org Article oxide-hydroxide layers on the catalyst surface during the electrocatalysis, which ultimately enhances the water oxidation activity of the present catalyst as reported earlier. 43, 57 The FT-IR spectrum of spent catalyst shows all characteristic bending and stretching vibrations as seen for the fresh sample ( Figure  6d ) and remained unchanged after 10 000 LSV cycling. Furthermore, TEM images shows that after LSV cycling in alkaline solution Co 3 S 4 NPs remained monodispersed with their hollow morphology (Figure 6e,f) , which additionally revealed the stability of the hollow particles. To check the phase stability of the used catalysts in acidic and neutral electrolytes, XRD patterns have been recorded of the spent catalysts after 5000 LSV cycles ( Figure S13 ). The original cubic crystal structure of Co 3 S 4 retained in both cases, however two unassigned additional peaks appeared for the sample in H 2 SO 4 . Retention of original crystal structure further demonstrates the stability of the catalyst in acidic and neutral pH along with alkaline condition as discussed above.
CONCLUSIONS
In summary, Co 3 S 4 hollow nanaoparticles supported over activated carbon have been demonstrated as an excellent electrocatalyst for the oxygen evolution reaction over a wide pH range (pH 0, 7, and 14). This Co 3 S 4 /AC system offered enhanced electrochemical activity through their synergistic effect. The catalyst delivers very high current density at a lower overpotential value. These hollow nanostructures provide more exposure of the active sites (Co) which can easily be accessible for active species and works as promising electrocatalyst for water oxidation reactions. The higher rate of observed OER in KOH is attributed to the bond breaking of Co−OH 2 / Co− OH and other reactive species that were considered to be present at the catalyst/water interface because of possession of Co 2+ /Co 3+ high spin state, large spin−orbit interactions, and the formation of Co-OOH which subsequently generates Co− O 2 and then oxygen. Furthermore, high oxygen evolution rate on Co 3 S 4 hollow NPs in acidic and neutral solution is due to the formation of in situ oxide-hydroxide layer over cobalt (active site) during the electrocatalytic process, which is also responsible for the proactivation of catalyst in alkaline solution.
In addition, higher magnitude of ECSA also revealed a higher number of active sites present on the catalyst surface, which are responsible for the higher charging current in the non-Faradaic region. Synergistically with some active supports, the present Co 3 S 4 hollow nanaoparticles can be an advanced electrocatalyst in high-performance energy conversion processes.
■ EXPERIMENTAL METHODS Synthesis of Co 3 S 4 Hollow Nanoparticles. Co 3 S 4 hollow particles were synthesized by using a one-pot colloidal method through a hot injection process by modifying an earlier report. 32 In a typical reaction procedure, 5 mL of OLAM and 0.1 g of TOPO were taken in a 50 mL three-neck round-bottom flask, and the mixture was degassed at 150°C for 30 min. At this temperature, 0.27 mg of Co 2 (CO) 8 predissolved in 2 mL of ODE containing 0.1 mL of OLAC was taken from a glovebox and injected swiftly to the hot surfactant solution under nitrogen atmosphere. The temperature of the solution was kept constant for a further 30 min until the formation of a black color solution and then raised to 200°C. Elemental S powder predissolved in 2 mL of OLAM was injected to the mother solution under ideal conditions. Aliquots were collected at different time and temperature intervals during the course of the reaction. The entire reaction mixture was cooked for 1 h at 200°C after the injection of S precursor, and finally, the reaction mixture was allowed to cool to room temperature naturally by removing the heating mantle. Absolute ethanol was added to the reaction mixture, leading to the development of a dark black precipitate of Co 3 S 4 hollow nanoparticles. As-obtained product was collected through centrifugation and dispersed in toluene.
Electrochemical Studies. Electrochemical measurements were performed on CHI 660E electrochemical workstation with glassy carbon (3 mm in diameter) as a working electrode, Ag/AgCl (0.1 M KCl), Hg/HgO as reference electrodes according to the pH of electrolyte medium, and platinum wire as a counter electrode. A homogeneous ink of Co 3 S 4 hollow NPs was prepared by loading 10, 20, and 30 wt % activated carbon (AC) of total catalyst by dispersion in toluene:ethanol (1:2 v/v) mixture, followed by ultrasonication and drying. In this work, we have used commercially available activated carbon fine powder (<0.1 mmHg, pretreated with HCl at 20°C) as the support. Five milligrams of the above composite (Co 3 S 4 /AC) was dispersed in 1.0 mL of ethanol, and 40 μL of Nafion was added to it and then ultrasonicated for 1 h. Then 15 μL of this ink was casted over surface of the glassy carbon electrode and dried in air. The sample deposited area of the GC working electrode is calculated to be 0.0706 cm 2 . OER polarization curves were recorded using linearsweep voltammetry (LSV) at a scan rate of 10 mV/s in O 2 saturated 1.0 M KOH (pH = 13.6), 0.5 M H 2 SO 4 (pH = 0.3), and 1.0 M phosphate buffer solution (pH = 7.0). Prior to running each experiment, glassy carbon electrodes were polished by using fine alumina powder (0.3, 0.5 μm).
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